The upper respiratory tract (URT) is a crucial site for host defense, as it is home to bacterial communities that both modulate host immune defense and serve as a reservoir of potential pathogens. Young children are at high risk of respiratory illness, yet the composition of their URT microbiota is not well understood. Microbial profiling of the respiratory tract has traditionally focused on culturing common respiratory pathogens, whereas recent culture-independent microbiome profiling can only report the relative abundance of bacterial populations. In the current study, we used both molecular profiling of the bacterial 16S rRNA gene and laboratory culture to examine the bacterial diversity from the oropharynx and nasopharynx of 51 healthy children with a median age of 1.1 years (range 1-4.5 years) along with 19 accompanying parents. The resulting profiles suggest that in young children the nasopharyngeal microbiota, much like the gastrointestinal tract microbiome, changes from an immature state, where it is colonized by a few dominant taxa, to a more diverse state as it matures to resemble the adult microbiota. Importantly, this difference in bacterial diversity between adults and children accompanies a change in bacterial load of three orders of magnitude. This indicates that the bacterial communities in the nasopharynx of young children have a fundamentally different structure from those in adults and suggests that maturation of this community occurs sometime during the first few years of life, a period that includes ages at which children are at the highest risk for respiratory disease.
Introduction
As the point of entry to both the lower respiratory tract and the gastrointestinal tract, the upper respiratory tract (URT) is continuously exposed to the outside world. The microbiota is involved in resistance to colonization by incoming pathogens (Kelley et al., 2005; Margolis et al., 2010) , education of the immune system (Lathrop et al., 2011) and regulation of host immunocompetence in the lung in response to infection (Ichinohe et al., 2011) .
In addition to its beneficial role, the commensal microbiota can also be a reservoir of respiratory pathogens as well as antibiotic resistance and virulence genes (Garcia-Rodriguez and Fresnadillo Martinez, 2002; Liu et al., 2013) . For instance, healthy people can have long periods of asymptomatic carriage of classic respiratory pathogens (Garcia-Rodriguez and Fresnadillo Martinez, 2002) and invasive disease can often arise from normally benign bacterial residents (Bakaletz, 2004) . This duality blurs the definition of a commensal member of the respiratory tract. Instead, it's likely that this body site harbours an indigenous microbiota whose members behave differently, depending on factors such as their location in the body (Blaser and Falkow, 2009) , bacterial community disturbance (Lynch, 2013) , environmental pressures (Feldman and Anderson, 2013) and/or immune responses in the host (Starkey et al., 2013) . Unlike many acute infectious diseases where a single microbe can be targeted and eradicated, lung infections are often polymicrobial (Bakaletz, 2004; Han et al., 2012; Huang et al., 2012 Huang et al., , 2014 Dickson et al., 2013) and the organisms recovered from respiratory and invasive infections are often a mixture of common URT microbes (Laupland et al., 2000 , Sibley et al., 2008 . Respiratory infections have a higher impact on health worldwide than all other infectious diseases combined (Mizgerd, 2006) and mortality rates associated with lung infections have not significantly improved in over 50 years (Mizgerd, 2008) . Children, in particular, are very susceptible to respiratory illness (Liu et al., 2012) , therefore, an understanding of the makeup of the URT microbiota in this population is important to our understanding of the origin and progression of infection. Interactions between resident airway pathogens are known to occur, for instance, competitive exclusion between Streptococcus pneumoniae and Staphylococcus aureus (Lijek and Weiser, 2012) ; however, these interactions have not been studied in the context of the complete URT microbiota.
Until recently, the focus of most URT microbiology in healthy individuals has been on carriage of a few important pathogens such as S. pneumoniae, Haemophilus influenzae, Moraxella catarrhalis and S. aureus (Dunne et al., 2013) , however, our knowledge of colonization and succession of bacterial communities in the healthy human URT is lacking. A few microbiome studies have focused on describing the communities at these sites (Lemon et al., 2010; Charlson et al., 2011; Faust et al., 2012) , however, only Bogaert et al. (2011) looked in depth at children under 2 years of age, the population at greatest risk of respiratory illness and invasive pneumococcal disease. No reports, however, have looked at the healthy URT microbiota from both the perspective of molecular profiling and quantitative culture for all bacteria, an approach that provides a more complete picture of bacterial colonization. Molecular profiling can provide a snapshot of community structure, however, this picture is imperfect because of its inability to distinguish between living cells and dead cells or cell-free DNA. It also suffers from bias against some bacterial lineages, as no primer pair is perfect, and a lack of taxonomic resolution, as relatively short DNA sequences are used.
For the study herein, a subset of the swabs collected during a large point prevalence study of S. pneumoniae serotype carriage in the Calgary area (Ricketson et al., 2014) were used. A total of 51 healthy children, with a median age of 1.1 years, from those attending community health centers for routine immunization, along with 19 accompanying parents had nasopharyngeal (NP) and oropharyngeal (OP) swabs collected. Molecular and quantitative culture profiles of the bacterial communities within the oropharynx and nasopharynx is presented in order to describe the healthy child URT microbiome in the context of the adults with whom they have the most contact. We found that the nasopharynx of young children is dominated by a small number of bacterial groups that are present in high total numbers, in contrast to that in adults, which had much lower bacterial carriage and a more diverse bacteria community. The oropharynx communities were dominated by streptococci in all subjects and with higher bacterial biomass than the nasopharynx. This study provides the first comprehensive look at the healthy URT microbiota of young children along with those of their parents.
Materials and methods

Cohort
The Calgary Area Streptococcus pneumoniae Epidemiology Research (team has conducted 10-point prevalence surveys of pneumococcal NP colonization in healthy children o5 years of age attending Community Health Centres for routine immunization visits in Calgary, Canada since 2003 (Kellner et al., 2008; Ricketson et al., 2014) . The study was approved by the University of Calgary Conjoint Health Research Ethics Board. Each survey was conducted over approximately a 6-week period in seven Community Health Centres. After obtaining written informed consent, study nurses obtained demographic information and conducted a health survey. An average of 615 children were enrolled in each survey. During the 2011 and 2012 surveys, additional written informed consent was obtained for a convenience subset of the study population to provide additional samples that were used in the present study to describe the healthy child URT microbiome. NP swabs were taken nasally and OP swabs orally according to the standard WHO method (O'Brien and Nohynek, 2003) by the public health nurse from 51 children and 19 adults (Supplementary Table S4 ). We used Copan eSwabs (Alere Canada, Ottawa, ON, Canada), a flocked swab with 1 ml of Amies transfer fluid. All swabs were stored at room temperature and processed within 6-8 h. For processing, the swabs in their transfer fluid were vortexed vigorously for 15-30 s, then a 100 ml subsample was taken for plating. The remainder was frozen at À 20 1C for molecular analysis.
Bacterial DNA isolation and Illumina sequencing of bacterial tags DNA was extracted from NP and OP swab samples with a custom DNA extraction protocol involving mechanical and enzymatic lysis followed by a phenol:-chloroform extraction and a clean-up step. First, 300 ml of sample was added to a tube containing 0.1-mm glass beads (MoBio Laboratories Inc., Carlsbad, CA, USA) along with 800 ml of 200mM sodium phosphate monobasic (pH 8) and 100 ml guanidinium thiocyanate EDTA N-lauroylsarkosine buffer (50.8 mM guanidine thiocyanate, 100 mM ethylenediaminetetraacetic acid and 34 mM N-lauroylsarcosine). These were then homogenized in the PowerLyzer 24 Bench Top Homogenizer (MoBio Laboratories Inc.) for 3 min at 3000 revolutions per minute. Next, two enzymatic lysis steps were performed. In the first, the sample was incubated with 50 ml of 100 mg ml À 1 lysozyme, 500 U mutanolysin and 10 ml of 10 mg ml À 1 RNase for 1 hour at 37 1C. In the second, the sample was incubated with 25 ml 25% sodium dodecyl sulphate, 25 ml of 20 mg ml À 1 Proteinase K and 62.5 ml of 5 M NaCl at 65 1C for 1 h. Next, debris was pelleted in a tabletop centrifuge at maximum speed for 5 min and the supernatant added to 900 ml of phenol:chloroform:isoamyl alcohol (25:24:1). The sample was then vortexed and centrifuged at maximum speed in a tabletop centrifuge for 10 min. The aqueous phase was removed and the sample run through the Clean and Concentrator-25 column (Zymo Research, Irvine, CA, USA) according to kit directions except for elution, which was done with 50 ml of ultrapure water and allowed to sit for 5 min before elution. The DNA was quantified using a Nanodrop 2000c Spectrophotometer.
Amplification of bacterial 16S rRNA gene v3 region tags was done as in (Bartram et al., 2011) with the following changes: 5 pmol of primer, 200 mM of each dNTP, 1.5 m M MgCl 2 , 2 ml of 10 mg ml Sequence processing and data analysis Custom, in-house Perl scripts were developed to process Illumina sequences and are available from the authors. First, Cutadapt (Martin, 2011) was used to trim any reads that exceeded the v3 region of the bacterial 16S rRNA gene. The resulting paired-end sequences were aligned with PANDAseq (Masella et al., 2012) and the sequences with any mismatches or ambiguous bases were culled. Input sequences from all samples were clustered into operational taxonomic units (OTUs) using Abundant OTU þ (Ye, 2011) , with a clustering threshold of 97%. Output from this tool was then formatted for input into QIIME, where taxonomy was assigned using the Ribosomal Database Project classifier (Wang et al., 2007) , with a minimum confidence cutoff of 0.8 (QIIME default) against the Greengenes (4 February 2011 release) reference database to the genus level (DeSantis et al., 2006) . All OTUs classified as 'Root:Other' were excluded (Supplementary Table  S1 ) along with three samples with poor sequence coverage and aberrant microbial profiles.
The a-diversity measures used were observed OTUs, which is an estimate of community richness, and Shannon diversity, which is an estimate of community diversity based on richness and evenness of the community (Shannon and Weaver, 1949) . b-diversity, which is a measure of the differences between communities, was calculated with the weighted UniFrac distance and clustering of the samples based on distance was illustrated with principal coordinate analysis. OTUs containing a single sequence (singletons) were removed prior to b-diversity calculations. Weighted UniFrac distance was calculated on evenly sampled profiles (sample depth of 2400 sequences, without replacement). The number of clusters were evaluated with the gap statistic, which provides an estimation of how well each k, or number of clusters, fits the data. Gap statistic estimation was done with 500 Monte Carlo samples in R with the use of the phyloseq (McMurdie and Holmes, 2013) clusGap wrapper. In order to resolve sample-clustering jackknife analysis using weighted UniFrac distance was performed on evenly sampled OTU tables (10 tables, 2400 sequences per sample) and a composite unweighted pair group method with arithmetic mean (UPGMA) tree of the samples was created. a-and b-diversity calculations and plots were done in R with the phyloseq package, except for jackknifed UPGMA trees, which were done in QIIME version 1.8.0 (Caporaso et al., 2010) . Taxonomic summaries and multiple response permutation procedure with 1000 permutations, were also both done with QIIME. A w 2 -test of each age group among NP clades (Ib, IIa and IIb) was done in R with 500 P-value simulations. OTUs that differed significantly between adult and child samples were selected from NP and OP data separately using LefSe, which combines a non-parametric Kruskal-Wallis sum-rank test to determine which OTUs have a different abundance between ages, a unpaired Wilcoxon rank-sum test to determine which age is statistically relevant and effect size is estimated using linear discriminant analysis (Segata et al., 2011) , a default cutoff of Po0.05 and linear discriminant analysis effect of 42.0 was used. OTUs with a total relative abundance across all samples of o0.11% were removed from the data prior to LefSe analysis, as were samples from children over 19 months age (all of which were between 4 and 4.5 years of age) owing to the small relative number of samples from this group (6/69 for NP and 4/49 for OP). All OTU comparisons between groups were corrected for multiple testing using the false discovery rate (Benjamini and Hochberg, 1995) with the p.adjust function in R.
Streptococcus species phylogeny
In order to resolve the species distribution of OTUs and cultured isolates assigned to the Streptococcus genus, a phylogenetic placement method was used, whereby these short sequences were placed onto a reference tree made from reference strains of Streptococcus species from the Human Oral Microbiome Database (Chen et al., 2010) . All full-length 16S rRNA gene reference sequences for Streptococcus species (29 in total) from Human Oral Microbiome Database were aligned using MUSCLE (multiple sequence comparison by log-expectation; Edgar, 2004 ) then used to create a maximum likelihood phylogeny with RaXML (randomized axelerated maximum likelihood; Stamatakis, 2006; Silvestro and Michalak, 2012) using the Generalized Time Reversible þ Gamma evolutionary model þ a proportion of (I) invariable sites and the rapid bootstrap method over 10 000 reps (Supplementary Figure S1A) . A separate phylogeny created with MrBayes (Ronquist and Huelsenbeck, 2003) using the same evolutionary model (GTR þ G þ I) over 10 million generations had an identical topology to the maximum likelihood tree with better confidence for branching (Supplementary Figure S1B) . Variation in likelihood values visualized with Tracer v1.6 (Rambaut and Drummond, 2009 ) were used to confirm convergence of the bayesian tree. Short sequences were placed onto the maximum likelihood phylogeny with pplacer (Matsen et al., 2010) . Confidence in each placement was measured with expected distance between placement locations (Supplementary Table S8 ) and was good for most OTU sequences.
Quantitative culture
Quantitative culture for NP swabs from 20 children and five of their parents and OP swabs for four of these adult-child pairs was done using five media types (BHI CO, brain heart infusion supplemented with colistin sulfate (10 mg ml À 1 ) and oxolinic acid (5 mg ml À 1 ); CBA, Columbia blood agar; Chocolate agar; McKay agar; and MSA, mannitol salt agar) and incubated aerobically at 37 1C with 5% CO 2 . Three dilutions (10 À 1 , 10 À 3 and 10 À 5 ) were plated on each media type and incubated for 48 h. Morphologically similar colonies from each plate were counted and used to calculate colony-forming unit (CFU) ml À 1 for each isolate. A representative isolate from each type and media was picked and stored in 10% skim milk at À 80 1C. The 16S rRNA gene from each of 4300 cultured isolates was amplified using the 8F-926R primers (Liu et al., 1997) , and the resulting 700-900 bp product was sequenced in the forward direction by Beckman Coulter Genomics (Danvers, MA, USA). Low-quality regions of each sequences were trimmed for 1% error probability in Geneious (v5.6.6) then taxonomy was assigned by BLAST alignment (Altschul et al., 1990) to the Human Oral Microbiome Database and counts were compiled into Supplementary Table S7 . All e-values were below 7.26e-115 over the entire length of the partial 16S rRNA gene sequences used.
Results
Bacterial communities within the nasopharynx and oropharynx are distinct from one another The development of the URT microbiota is poorly understood, although some studies have described pathogen carriage in healthy people, few have looked at the commensal microbiota in healthy young children. To investigate the microbiome of young children, we obtained NP and OP swabs from healthy children during routine immunization in Calgary, AB, Canada. Most of the children were between 12 and 19 months, with a small subset aged between 4 and 5 years. The parents of these children were asked to volunteer samples, and in total, we analyzed NP swabs from 69 participants (51 from children and 18 from adults and OP swabs for 34 children and 15 adults, for a total of 118 samples, all except two of which were matching (Supplementary Table S4 ).
Ecological diversity measures were used to distinguish differences in bacterial 16S rRNA gene molecular profiles from the nasopharynx and the oropharynx in healthy children and adults. Figure 1a shows a-diversity estimates, which provide an indication of how the bacterial communities in each sample were structured. The number of observed OTUs is a straightforward count of the number of unique OTUs in each sample and Shannon diversity is an estimate of community diversity based on the richness and evenness of all OTUs within a sample. Both the observed number of OTUs and Shannon diversity estimates for NP samples had a broader range than did those for OP samples. Also, adults had a significantly higher number of observed OTUs and higher Shannon diversity in the nasopharynx than did the children o19 months of age at either site swabbed (Po0.05). Together, this suggests that bacterial communities in the adult nasopharynx were more diverse than those in the nasopharynx or the oropharynx of young children.
b-diversity estimates complement a-diversity by illustrating the difference in community membership between samples and the weighted UniFrac distance shown in Figure 1b uses both the abundance and phylogenetic relationship of the OTUs in each sample to determine how similar samples are to one another. We suspected that the relative abundance of bacterial groups would be essential for describing differences between samples and indeed jackknife b-diversity showed good reproducibility for weighted measures, weighted UniFrac and BrayCurtis (not shown), and less confidence for unweighted UniFrac distances (Supplementary Figure S2) . Of the metadata available, only swab site and age corresponded to separation of samples in the principal coordinate analysis (Figure 1b) . Bacterial communities from the nasopharynx or oropharynx were distinctly separated from each other in the ordination in Figure 1b and were significantly different from each other based on a multiple response permutation procedure (A ¼ 0.25, significance of delta ¼ 0.001), indicating that distinct bacterial communities likely colonize each site. It is also apparent that OP bacterial communities in different people were all very similar to one another, compared with the heterogeneity in the NP samples, as distances were smaller between any two OP samples (0.127±0.054) than between any two NP samples (0.276±0.095) (Po0.0001; Supplementary Figure S3 ).
Adults and children have different bacterial communities in the nasopharynx
The relative taxonomic profiles for adult or child samples from each site were averaged in order to clearly illustrate the differences between them (Figure 2a ). These plots show the diversity differences calculated using a-diversity estimates (Figure 1a ). Note that bacterial groups within each profile were identified down to the best classification possible on the basis of taxonomic information contained within the v3 region of the 16S rRNA genes, hence many bacterial groups are labeled with the genus and others by only the family or order name. The oropharynx of both children and adults not only had a high proportion of Streptococcus but also contained bacterial groups often cultured from this site such as Rothia, Prevotella, Gemella, Veillonella, Fusobacteria, Haemophilus and Neisseria (Figure 2 and for a complete list see Supplementary Table S2 ). NP samples from adults had a large proportion of Firmicutes such as Lachnospiraceae, Staphylococcus and Streptococcus, Bacteriodetes such as Sphingobacterium and Prevotella and Actinobacteria other than Corynebacterium such as Bifidobacteria, Rothia and Propionibacterium. Child NP bacterial communities contained similar groups but had larger proportions of Proteobacteria such as Moraxella, Enterobacteriaceae and Haemophilus, as well as the Firmicute Enterococcus (Figure 2 and for a complete list see Supplementary Table S3) .
To determine whether there was distinct clustering of samples, as suggested by Figure 1b clusters fit the data with a gap statistic calculation. Gap statistic values increased steadily then level off for k ¼ 4, suggesting that there were four clusters of samples (Figure 2b ). Differences between profiles were illustrated using UPGMA hierarchical clustering with jackknife support, also based on weighted UniFrac distances. The resulting tree, shown in Figure 2c , branches into two main clades (I and II) and these each branch again into two subclades (Ia, Ib, IIa and IIb), separation of which had good jackknife support. Taxonomic profiles for each sample were ordered according to the UPGMA phenogram ( Figure 2d ) and the pattern that emerged illustrates the differences between samples that were suggested in Figure 1 .
Separation of samples into clades and subclades was due to taxonomic differences within them, as UPGMA was based on the weighted UniFrac distance between samples. For instance, clade I contains profiles with a high proportion of Firmicutes, whereas clade II contains samples with a high proportion of Gram-negative bacterial taxa as well as Actinobacteria. Subclade Ia includes all bacterial profiles from the oropharynx, as well as three NP samples that likely grouped with them owing to the high proportion of Streptococcus. Subclades Ib, IIa and IIb contain all of the NP swab samples, with the exception of the previous three. Subclade Ib was the most taxonomically diverse, whereas subclades IIa was dominated by Actinobacteria (specifically Corynebacterium) and/or Firmicutes (specifically Carnobacteriaceae) and subclade IIb was dominated by Proteobacteria (Moraxella). A small number of samples (4/41) had all three taxonomic groups. A subset of subclade IIb (3/22) had a substantial proportion of Haemophilus without Streptococcus and another subset (3/22) with the opposite composition. From this ordering of samples, we can see that subclades containing NP samples clustered by age of the subjects (w 2 , P ¼ 0.002, over that expected by chance). Subclade Ib was enriched with samples from adult nasopharynx and subclades IIa and IIb were enriched with samples from the nasopharynx of young children (o19 months). Of note is the proportion of the children over the age of 4 years that were in subclade Ib (4/6).
To test whether adults and children from the same family had URT microbial communities that were more similar to each other than to other people, weighted UniFrac distances were calculated between each sample and shown for each related pair (adult vs child from the same family), each unrelated pair (adult vs child not from the same family) and between all adult or all child samples (Figure 3 ). In the nasopharynx, the microbial profiles of adults had the smallest distance from one another. The profiles of child NP communities were most different from that of other children, the mean of which was significantly different from the mean distances between adults and adults with unrelated children (Po0.05). In the oropharynx, however, the microbial profiles of children had the smallest distance from one another. Distances between adults and adults and unrelated children were higher and significantly different from the child-child distances (Po0.05).
Bacterial OTUs differ significantly between adult and child microbial communities Bacterial OTUs, rather than taxa summaries, were analyzed with LefSe to identify statistically significant differences between adult and child microbial profiles, as OTUs with the same taxonomic assignment sometimes varied between adults and children. Owing to the small number of samples from older children (4/49 for OP and 6/69 for NP), these were excluded from the analysis. In the oropharynx, microbial communities in young children had a significantly higher proportion of 91 different OTUs, including Streptococcus (OTU3), Gemella (OTU 14), Haemophilus (OTU 15), Neisseria (OTU 6), Porphyromonas (OTU 30), Granulicatella (OTU 24 and 25), an unclassified Fusobacteriaceae (OTU 36), among others (Figure 4a) . Interestingly, several different Prevotella OTUs were significantly different between adults and children, with some more prevalent in children and others in adults. Microbial communities in the oropharynx of adults had a higher proportion of Veillonella (OTU 2) and Lachnospiraceae (OTU 13) among others. Within the nasopharynx, there were 82 statistically significant OTUs, many more that were associated with adult samples than with child samples (Figure 4b ). Of the three OTUs significantly associated with communities in young children, only Moraxella (OTU 1) occurred in high abundance. OTUs significantly associated with adult samples included Staphylococcus (OTU 7), Lachnospiraceae (OTU 13), Streptococcus (OTU 2), Anaerococcus (OTU 41) and Pseudomonas (OTU 27), among others (a complete list is shown in Supplementary Table S5) . Individual abundance histogram plots for all OTU shown in Figure 4a (NP) and 4b (OP) are presented in Supplementary Figure S4 and S5, respectively, and complete lists of linear discriminant analysis effect sizes and P-values for OP and NP are presented in Supplementary Table S5 and S6, respectively.
Streptococcus diversity in the oropharynx and the nasopharynx Some of the most prevalent bacteria found in this study were the Streptococcus, especially in the oropharynx. Although OTU classification may have underrepresented species as defined by classical taxonomic methods, all of the dominant populations except the Streptococcus were represented by a single OTU. It is difficult to resolve the taxonomy of the streptococci based on differences within the 16S rRNA gene and particularly based on only the short V3 region. We nonetheless endeavored to identify, which species of Streptococcus were represented by the most abundant OTUs using the pplacer phylogenetic placement method. was able to separate most species with the exception of a few closely related species such as Streptococcus oralis, Streptococcus mitis and S. pneumoniae; and between Streptococcus intermedius, Streptococcus constellatus and Streptococcus anginosis (known as the Streptococcus milleri/anginosus group). Despite having good separation between S. salivarius and S. vestibularis in the reference phylogeny pplacer was unable to place many of sequences from isolated strains squarely with either one, therefore although OTU 2 was placed closer to S. vestibularis, we don't have confidence about its exact identity and believe that it likely represents a mix of members of this clade (called salivarius group here; Supplementary Figure S6 ). The second most highly abundant Streptococcus OTU (OTU 3) was placed within the clade containing S. mitis, S. pneumoniae and S. oralis, which we designated as the mitis group. Lastly, OTU 55 was placed with a smaller more distinct clade made up of members of the Streptococcus milleri/anginosus group (S. anginosus, S. intermedius and S. constellatus) and likely represents one, or more, of these species.
The taxa summaries from Figure 2a were recoloured to highlight the distribution of the three most abundant Streptococcus OTUs, which were different in each group of samples ( Figure 5 ). The oropharynx profiles of children had more mitis group than salivarius group Streptococcus, however, adults harboured more salivarius group than mitis group Streptococcus, as well as a small proportion of the milleri/anginosus group Streptococcus that was lacking in children. Likewise in the nasopharynx, child profiles carried more mitis group than salivarius group Streptococcus and lacked the milleri/anginosus group Streptococcus found in the adult nasopharynx. This group fluctuated greatly in the adult subset sometimes representing up to 23% of the community. This illustrates the diversity of streptococci within the URT, which was masked by the taxa summary profiles at the genus level and suggests a role for this group in the maturation of the NP bacterial community, where either a lack of streptococci or dominance of one population is replaced by a different distribution of the three groups of species. Figures S4 and S5) . A complete list of OTUs tested along with effect sizes and fdr adjusted P-values for each site is given in Supplementary Tables S5 and S6 .
Quantitative culture adds context to molecular profiles Direct sequencing of bacterial 16S rRNA genes provided very detailed profiles for bacterial communities in the URT of healthy people. Quantitative culture, however, can provide absolute numbers of each cultivable bacterial population, providing context to relative abundance profiles by adding total abundances. Although only a small proportion of environmental bacteria have been successfully cultured (Stewart, 2012) , B84% of human airwayassociated bacteria have been cultured with these methods from Sibley et al. (2011) . Quantitative culturing of samples from 20 children and five adults illustrated that total bacterial load varied greatly with location and age (Figure 6a ). Bacterial load in the oropharynx was higher than that in the nasopharynx for both adults and children, with children carrying a higher total CFU ml À 1 than adults. In the nasopharynx, cultures from children showed a higher overall median number of Figure S6) and from the taxonomy of cultured isolates, based on similarity with sequences within HOMD as shown by BLAST (Supplementary Table S8).   C9607  C9148  C9167  C9238  A9167  A9607  A9148  A9238  C9148  C9149  C9262  C9506  C9660  C9662  C9670  C9705  C9707  C9167  C9238  C9289  C9668  C9699  C9162  C9560  C9607  C9666  C9714  C9692  A9238  A9167  A9148  A9662  A9692   10   2 CFU ml À 1 (1.5 Â 10 6 vs 4.2 Â 10 3 ) than for adults, a difference of almost three orders of magnitude. This is especially interesting in the context of data presented in Figure 2 , as profiles that were grouped together into subclades had a different amount of total bacteria than those in other subclades. Figure 6b illustrates this point by ordering profiles according to their bacterial load, with those from child NP samples split into their respective subclades. Next to orophayngeal samples, bacterial load was highest in samples from subclade IIb (those dominated by Moraxella), with between 10 6 and 10 7 CFU ml À 1 Adult NP communities had the lowest, with between 5 Â 10 2 and 10 4 CFU ml À 1 and samples in subclade IIa (dominated by Corynebacterium and Carnobacteriaceae) had an intermediate amount.
Interestingly, child samples within subclade Ib, which had profiles that resembled to those in adults, had lower biomass than those of the other children in the study but a higher amount than adults. As there was a large disparity in the number of samples included in each group, a Kruskal-Wallis test found no statistically significant difference in the CFU ml À 1 between groups. Partial 16S rRNA gene sequences (B500-700 bp) from cultured isolates were also useful in suggesting species level taxonomy for prevalent groups from direct sequenced molecular profiles in Figure 2 . For instance, the only Moraxella species cultured was M. catarrhalis and it was present in high abundance. Likewise, the only species of Carnobacteriaceae found in NP samples was Dolosigranulum pigrum, which again was found in high numbers, providing a species designation for a group, which was only classified to the family level in the molecular profiles. The Streptococcus species, however, were numerous and varied, and it seems likely that, for this group especially, OTU designations were not adequate to describe a species. For example, OTU 2, which was identified above as belonging to the salivarius group, likely contained more than one species, as these were isolated in abundance from the oropharynx and their partial 16S rRNA gene sequences were placed between S. vestibularis and S. salivarius along with the representative sequence for OTU 2 on the reference phylogeny (Supplementary Figure S6) . Likewise, OTU 3 likely contained members from several species, including S. mitis, S. pneumoniae and S. oralis for the same reason (for a complete list of species, see Supplementary Table S7 ).
Discussion
Characterization of the microbial communities in the URT is important as, even in healthy people, it can harbour both pathogens and potentially pathogenic commensal organisms (Garcia-Rodriguez and Fresnadillo Martinez, 2002; Bakaletz, 2004; Liu et al., 2013) . These are responsible for acute respiratory infections such as pneumonia and invasive disease, such as empyema and sepsis. In addition to the prevalence of pathogens, a comprehensive investigation of microbes within the URT can provide insight into community structure, aspects of which are important to disease susceptibility. Children, who are at an increased risk of respiratory infection, are known to have high carriage rates of pathogenic bacteria (Pelton, 2012) , however, their URT microbiome has not been fully characterized. Here, molecular and culture-based methods were used to compare microbial communities from the nasopharynx and oropharynx of young children (aged 1-4.5 years, median 1.1) and their parents in hopes of describing the immature URT microbiota.
As expected from molecular studies of the nasopharynx and oropharynx (Keijser et al., 2008; Lazerevic et al., 2009; Nasidze et al., 2009; Lemon et al., 2010; Charlson et al., 2011) , within this study, these two niches haboured distinct bacterial communities. OP bacterial communities of children and adults were dominated by streptococci (Figure 2 ) and the fact that bacterial profiles were so similar, regardless of age, suggests that the colonization of the oropharynx occurs early and that communities are quickly dominated by Streptococcus. The oropharynx is known to contain mainly Prevotella, Veillonella and Streptococcus (Keijser et al., 2008; Lazerevic et al., 2009; Nasidze et al., 2009) , with the latter being more prevalent here than previously shown. Earlier studies may have underestimated the prevalence of this group, and Gram-positive bacteria in general, as our DNA isolation protocol has been optimized to capture nearly all of the bacterial diversity within the respiratory tract (Sibley et al., 2011) . A test of the differences in UniFrac distances between samples showed that the bacterial communities in the oropharynx of children were all most similar to one another and that adult profiles were most different from one another or those of unrelated children (Figure 3 ). Although few obvious taxonomic differences could be seen between adult and child profiles from the oropharynx, several OTUs were significantly different (Figure 4a ). Of interest is the fact that OTU 3, which was characterized as a mitis group Streptococcus and was highly abundant in all OP samples, was significantly associated with young children. Also, several OTUs belonging to the genera Prevotella had significantly different proportions in the adult and the young child oropharynx. This is a complex genus with many species that may colonize people differently as they age.
NP bacterial communities were heterogeneous but overall adult samples had higher diversity ( Figure 1a ) and lower bacterial abundance (Figure 6b ). Samples from children contained a range of bacteria, with some dominated by Proteobacteria (Moraxella), others containing a large proportion of Actinobacteria and Firmicutes (Corynebacterium and D. pigrum), and others resembling adult NP swabs. Interestingly, within the Moraxelladominated group, the evidence of competitive exclusion between Haemophilus and Streptococcus was seen in a small number of samples, an observation previously made during studies on the interactions of individual URT resident pathogens (Lijek and Weiser, 2012) . A small number of samples were dominated by streptococci and hence resembled swabs from the oropharynx. When all samples were clustered based on phylogenetic differences, four groups emerged two of which were enriched with samples from the nasopharynx of children (Figure 2c) . Similarly, an ordination of NP microbial profiles from children in the Netherlands of similar age revealed four clusters, three dominated by a single OTU (Moraxella, Haemophilus or Streptococcus) and one, which was mixed (Bogaert et al., 2011) . It is unknown if the fourth mixed group of child samples resembled adult profiles, as none were included, however, this aligns well with our data, suggesting that NP bacterial communities of young children often have low diversity owing to the dominance by a small number of bacterial species. The prevalence of Corynebacterium and D. pigrum instead of Haemophilus could be due to seasonal or geographical influence on bacterial carriage, yet may also be due to better representation of Gram-positive bacteria in our work. The NP profiles of adults were most similar to one another and distances were greatest between communities in children and between those in children and unrelated adults (Figure 3) . The distances between children does not take into account the fact that there were two different groups of children.
An important finding from this study was that not only did child NP samples differ in bacterial membership, but that they also had different total bacterial numbers ( Figure 6 ). Overall, bacterial numbers differed by several orders of magnitude between adult and child samples, with children always carrying a higher number than adults at each site. Within each group of child NP samples, differences in the bacterial load suggests further differences between the microbial communities within these individuals that were not apparent with molecular profiles alone. This observation does echo alpha diversity, calculated from molecular profiles (Figure 1a) , where NP samples from young children had lower species richness and community diversity, compared with adult profiles. These observations make sense in the context of community maturation, as lower biomass and higher diversity are hallmarks of a climax community (Loucks, 1970) , which is stable (McCann, 2000) . Caution needs to be taken with molecular profiles based on DNA and high throughput sequencing as, when there are differences in bacterial biomass, an equal depth of sampling will always uncover both real and spurious low abundance OTUs (Schloss et al., 2011) and microbial community richness becomes difficult to estimate without inflating richness and diversity estimates (Haegeman et al., 2013) . Why child NP communities should have such high bacterial loads is unknown but could be related to increased immune tolerance (Jaspan et al., 2006) in the immature nasopharynx. Longitudinal quantitative culture studies designed to capture commensal bacterial diversity are needed to answer this more completely.
Maturation of the host-associated microbial community is known to occur in gut communities where progression from colonization to climax and stability (Adlerberth and Wold, 2009) , as well as refraction of this community to disturbance (Dethlefsen et al., 2008) , has been studied. It is also, then, possible that a similar effect occurs in the airways, where a newborn child is colonized by bacteria from their surroundings and that these bacterial populations succeed one another until an equilibrium is reached and a stable community persists. In the gut, a healthy stable microbiota protects a person from disease (Round and Mazmanian, 2009) , likewise a healthy, stable URT microbiota may have a similar role. In fact, the microbial composition has been shown to regulate immune modulation in response to viral pathogens in the URT (Ichinohe et al., 2011) . What impact a person's immune system has on the composition of the NP microbial community is not yet known. The profiles presented here of children whose nasopharynx had high bacterial load of one or two dominant organisms (that is, M. catarrhalis, D. pigrum and Corynebacterium sp.) could be an illustration of the immature NP bacterial community that is still dynamic and will eventually settle to one with lower biomass that is more stable and resembles what is found in mid-aged adults. Whether the children harbouring high Moraxella numbers will have different health outcomes from the others is impossible to say without longitudinal studies, however, this has been true for rates of acute otitis media in young children (Faden et al., 1994) . Children, along with the elderly, are at the highest risk for respiratory infection. In a similar study from our laboratory, the nasal microbiota within elderly nursing home patients were seen to have very little similarity between people, suggesting a loss of community order when compared with mid-aged adults (Whelan et al., 2014) . Differences in bacterial community structure within the URT of children and the elderly, when compared with mid-aged adults, may be contributing to the susceptibility of people within these two age groups to infection.
The Streptococcus have a range of phenotypes and behaviours in association with human mucosal sites. Whereas some, like S. pneumoniae can behave pathogenically in some people (Walker et al., 2013) , others such as S. salivarius and S. mitis are found commonly in healthy human mouths. Not surprisingly, this group was prevalent here, found abundantly in OP samples of both children and adults, seen to dominate a small number of immature NP samples and seen often in mature NP samples. At the OTU level, the nasopharynx and oropharynx contained two abundant and one less abundant OTU with several other low abundant streptococci. However, due to the similarity of the 16S rRNA gene within these short sequences, it is difficult to resolve species identification. In fact when longer sequences, obtained from cultured isolates, were classified, hidden diversity within Streptococcal OTUs was revealed: OTUs 2 and 3 and 55 likely contained a mix of salivarius group, mitis group and milleri/anginosus group streptococci, respectively (Supplementary Figure S6) . Therefore, from culture, we can identify more than one dominant species within each Streptococcus OTU, a fact that was not seen with the other abundant genera found. This was not surprising given both the diversity of streptococci traditionally found in the URT and the difficulty in distinguishing between streptococcal species with DNA profiling. Even culture methods based on colony morphology have been shown to underestimate the diversity of closely related species (Sibley et al., 2011) , and it is likely that the Streptococcus diversity is greater than estimated for these samples.
Several studies of URT colonization by bacteria, while measuring carriage rates of specific pathogens in the juvenile population, have described populations using mainly clinical culture methods (Vaneechoutte et al., 1990; Bogaert et al., 2004; Regev-Yochay et al., 2004) . Although these studies describe the presence of specific pathogens, they neglect to describe the remainder of the bacterial community, which may contribute to polymicrobial lower airway infection (Bakaletz, 2004; Han et al., 2012; Huang et al., 2012; Dickson et al., 2013; Huang et al., 2014) . Many of the bacterial strains living benignly in the healthy URT can act pathogenically in the lower airways and elsewhere. Here, the microbial landscape of the URT in healthy children and their parents presents aspects such as community membership and bacterial load that are likely important for child health and disease, as well as highlighting further questions about when and how the microbiota matures in the nasopharynx and what role the host immune system has in this process.
